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Introduction: Atrial ﬁbrillation (AF) is the most frequently occurring atrial arrhythmia.
Fibrillation intervals are used to characterize AF and have a potential to determine the
strategy for AF therapy regardless of its etiology. However, measuring local ﬁbrillation
intervals requires an extensive period of time when using visual methods, and such methods
are also subject to data bias. Recently several methods for measuring the atrial ﬁbrillation
cycle length (AFCL) using computers have been developed. Atrial activation during AF was
considered to be random or chaotic. From recent studies, however, it was found that AF has
various degrees of organization, and therefore activation during AF can be analyzed by
spectral analysis. Several kinds of spectral analysis have become available for character-
ization of AF, and fast Fourier transform analysis is most frequently used. Autocorrelation
function also can be used for analysis of AF intervals and could give us further information,
such as minimum AFCL. Further, the frequency analysis of AF may be useful to predict the
eﬀect of antiarrhythmic drugs, cardioversion and catheter ablation for AF. This review was
designed to investigate the analysis of AF intervals and to assess methods, interpretation and
clinical implications.
(J Arrhythmia 2005; 21: 495–509)
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Introduction
Atrial ﬁbrialltion (AF) is the most frequently
occurring arrhythmia requiring treatment. Arrhyth-
mia duration and echocardiographic measurements
of atrial size are used to prognosticate, but give no
information regarding the electrophysiologic state of
the atria.1,2) Atrial activation during AF (Figure 1)
had been frequently described as random or chaotic.
However, recent studies have shown various degrees
of organization in AF.3)
AF has been classiﬁed by term, organic heart
disease and autonervous function. With the use of
surface ECG, AF has been divided clinically into
‘‘coarse’’ and ‘‘ﬁne’’ ﬁbrillation. Electrophysiologi-
cal characteristics of waveform also is one of the
items of classiﬁcation of AF. Wells4,5) and Kon-
ings6,7) classiﬁcations based on the morphology and
complexity of atrial activation are generally used.4–7)
Local ﬁbrillation interval during AF is also very
important information to characterize AF.4–13) The
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minimum local AF interval approximates the local
eﬀective refractory period,6) and the mean AF
interval is correlated to the local eﬀective refractory
period14) or functional refractory period.15) Thus, the
local ﬁbrillation interval information can be impor-
tant and useful for determining the strategy for AF
therapy.11,12,16–19) Furthermore, it may be useful for
catheter ablation therapy to treat AF.19–21) Therefore,
this review was designed to investigate the analysis
of AF intervals and to look at methods on inter-
pretation of intervals in relationship to the character-
istics of AF and their clinical implications.
1. What kinds of methods on analysis of AF
intervals are there?
In humans, the assessment of the intervals
observed in atrial intracardiac electrograms15,17,22–25)
and in the analysis of surface electrograms16) and
their response to drugs have been well documented.
Furthermore, the AF intervals measured from intra-
cardiac electrograms have been documented by
direct measurement11,14,15) and frequency analy-
sis.17,19,21–24) Measuring the local ﬁbrillation inter-
vals requires an extensive period of time when using
visual methods. Visual methods also entail the risk
of data bias. Thus, recently several methods for
measuring the atrial ﬁbrillation cycle length (AFCL)
using computers have been developed.14–17,19,21)
Simple manual measurement
Several investigators11,14,20,26) have used this
method because of its simplicity and no requirement
for further equipment. Local endocardial activation
times were determined from the maximum ampli-
tude of the bipolar electrograms14) or only sharp
discrete signals with amplitude 0.4mV to minimize
the analysis of far-ﬁeld signals.26) The data were
examined for double potentials, which resulted from
recordings made near an activation block or rotating
wave fronts. The largest potential was always chosen
from the double potential, and the smaller one was
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Figure 1 Thirty-second atrial electrograms in high right atrium during atrial ﬁbrillation ﬁltered with band pass 30–400Hz and a
surface ECG, lead II.
Left side panel: 5-second data from the beginning of recording, Right side panel: 20–25 second from the beginning of recording. Atrial
electrograms (left side) was more organized than atrial electrograms (right side).
A) atrial electrogram ﬁltered with band pass 30–500Hz, B) rectiﬁed signals, C) and resulting low-pass ﬁltered signals (cut oﬀ 20Hz).
Rectiﬁed signals were smoothed. D) a 4096-point FFT (spectral resolution, 0.24Hz) analysis using 5-second data after signal processing
(through A to B). Domain frequency (DF) in FFT was 5.1Hz in 0–5 second segment (right panel) and 6.6Hz in 20–25 second segment
(left panel). DF in more disorganized signals was higher than that in organized signals.
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not counted as an activation.14) Therefore, activa-
tions occurring within 50–100ms11,14,16) of another
activation are not picked up. However, this must be
veriﬁed manually by checking adjacent sites. The
time interval between each signal was measured at a
sweep speed of 10020) or 20011,26) mm/sec using
electronic calipers.
Automatic pick-up the activation time using intrinsic
negative deﬂections
For bipolar recordings, the algorithm searched for
the greatest amplitude of the atrial wave deﬂection,
and for unipolar electrograms, local activation time,
was measured on the steepest intrinsic deﬂection.
For atrial wave detection, an adaptive threshold on
the ﬁltered intra-atrial signal was used.16,27) Atrial
activation wave was detected when the ﬁltered signal
exceeded a threshold27) or 5% of the maximal atrial
electrogram amplitude found in the recording15)
(Figure 1B).
Many investigators measured automatically pick-
up the activation time by using the intrinsic negative
deﬂections method.8,9,13,28,29) Fibrillation intervals
were measured through the detection of the intrinsic
negative deﬂections with negative slopes of 0.5mV/
s.8) However, undersensing of intrinsic deﬂections or
oversensing of the ﬁltered signal exceeded a thresh-
old (Figure 2), resulting in multiples of ﬁbrillatory
intervals, was detected through the observation of
secondary peaks in the histogram. Such intervals
must be discarded8) (right side in lower panel of
Figure 2). Furthermore, the sum of all discarded
intervals was calculated for each recording site. If
this sum exceeded 4 seconds, the electrogram
recording site was excluded from further analysis.8)
Frequency analysis
Manual measurement of AF intervals was very
labor intensive and may introduce human bias. Re-
cently, spectral analysis of AFCL has become well
established. Several kinds of spectral analysis were
used for characterization of AF, fast Fourier trans-
form (FFT) being most frequently used.16,21,30–32)
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Figure 2
Upper panel: Automatic pick-up in the activation time using the threshold, 5% of the maximal atrial electrogram amplitude found in the
recording, same as Figure 1B (a).
Activations occurring within 100ms of another activation, are not automatically picked up by software (BIMUTAS II). The horizontal line
(solid arrow) indicates the threshold level for the detection and the vertical lines indicate the point of the computer-picked activation time.
Lower panel: Histograms of ﬁbrillatory intervals of the ﬁltered signal exceeded a 5% threshold, obtained from rectiﬁed 30-second signals,
same as Figure 1.
Left side: Multiple ﬁbrillatory intervals were ploted. The secondary peaks (less than 130ms) in the histogram (encircled) was observed.
Right side: Histogram of ﬁbrillatory intervals after discard of secondary peaks. The mean AFCL was 179ms and P5 was 141ms.
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FFT analysis
In 1990, Karagueuzian et al.30) categorized AF
into Wells calciﬁcation during acute AF in dogs.
FFT of the digitized electrograms (8–10 sec, 800Hz
digitization) showed peaks mostly below 15Hz
(range 0–30Hz) that were either discrete (narrow
band) with clear harmonic components, or had
continuous (broad band) spectra, that changed in a
time and site dependent manner. Thus, dynamics of
AF was compatible with deterministic chaos, rather
than random dynamics.30)
When FFT analysis was performed on bipolar
signals, signal processing varied among investiga-
tors.16,21,31–33) Ballmann et al.16) subjected the in-
traatrial recordings to FFT using application of a
Hamming window, and 1024 points discrete FFT
(spectral resolution, 0.98Hz).16) Mansour et al.31)
performed FFT on optical and bipolar electrode
recordings. The relative amplitudes of peaks in each
FFT were compared, and the frequency of the peak
with the largest amplitude was assigned to be the
dominant frequency (DF). Bipolar atrial electro-
grams were acquired at 1000Hz for 10 seconds and
ﬁltered (band pass 0.5 to 500Hz), providing a
spectral resolution of 0.1 Hz over the range of 0.4
to 60Hz. Lazar et al.32) recorded bipolar signals from
the PV ostium. A 2048-point FFT (spectral resolu-
tion, 0.49Hz) was performed for each successive 2-
second segment recorded. Sanders et al.21) evaluated
the feasibility of spectral analysis and DF mapping
in patients with AF. The signals were tapered at their
edges to a 0 value by the Hanning window, rectiﬁed,
and processed with a nonbiased 3- to 15-Hz band-
pass ﬁlter, thus minimizing the double counting of
bipolar double potentials < 50ms. A 4096-point
FFT (spectral resolution, 0.24Hz) was used to obtain
the power spectrum of the electrogram at each
recording site.21,33) To ensure reliability in DF
detection, they calculated the regularity index (RI)
in which only points demonstrating RI > 0:2 were
included in subsequent analysis to control for
ambiguity in DF detection related to poor signal-
to-noise ratio.21)
Autocorrelation function analysis (ACF)
We have developed the analysis of AFCL using
the ACF analysis. The ACF, calculated with the
equation RxxðÞ ¼ R11 Pxxð f Þei2 f d (RxxðÞ: au-
to-correlation function, Pxxð f Þ: power spectrum, :
time displacement, f : cyclical frequency, i: index), is
a measure of the time-related properties of the data
that are separated by ﬁxed time delays (Figure 3). It
can be estimated by delaying the recording relative
to itself by a ﬁxed time delay, , then multiplying the
original recording with the delayed recording, and
averaging the resulting product values over the
available recording length or over some desired
portion of that recording length. The procedure is
repeated for all time delays of interest.34) Therefore,
ACF determins the AFCLs, at least during type I
AF.23)
In our method, each set of rectiﬁed atrial electro-
gram data was ﬁnally processed to obtain an
autocorrelogram using a personal computer and the
BIMUTAS II for Windows (KISSEI COMTEC,
LTD., Tokyo, Japan). The values of the ﬁrst peak of
the coeﬃcient Rxx on the positive side of the
autocorrelogram was taken as the peak AFCL.22,23)
The ﬁrst positive autocorrelogram crossing the
baseline from negative to positive was taken as the
minimum AFCL (Figure 4). The peak AFCL meas-
ured by the auto-correlation function method had a
good correlation (r ¼ 0:995, p < 0:0001) to the
mean AFCL obtained by the computer picked
activation time method23) (Figure 5).
One of the advantages of our method was that the
peak AFCL pictured by intervals (ms) is more
understandable than the cycle length (Hz) pictured
by FFT analysis because we can presume a range in
the AFCL. In our method, all the data from the
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Figure 3 Schema of the autocorrelation function plots.
(a) sine wave. (b) sine wave plus random noise. (c) narrow band-
path random noise. (d) wide bandwidth random noise (adopted
from reference 34).
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electrograms stored on the hard disk of the EP-LAB
(band pass ﬁlter 30–400Hz) or Cardio-Lab (30–
500Hz) during the electrophysiological study was
available for the analysis. However, as AF signals
were ﬁltered with band-pass ﬁlters (30–400Hz)
using during the standard electrophysiological study,
there is the possibility that the band-pass ﬁlters used
inﬂuenced the results of the ACF, especially when
applied to more complex patterns of AF.
Signal processing in spectral analysis
For spectral analysis, signals must be ﬁltered with
a high pass ﬁlter, rectiﬁed (Figure 1B), and then low-
pass (cutoﬀ 20Hz) ﬁltered (Figure 1C) to remove
baseline wander and the high-frequency potentials.
This leaves a smoothed signal with peaks at the time
of local electrical activation. The ﬁlter cutoﬀ values
chosen were physiologically reasonable, because it is
untenable to expect local atrial activation to occur at
a rate faster than 20Hz (50-ms cycle length) in
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Figure 4 Distribution of the ﬁbrillation intervals (A) and the autocorrelation function in the same episode (B). (adopted from
reference 23).
A: The 5th percentile (p5), mean and 95th percentile (p 95) of the AFCL are marked. The Y axis indicates the number of ﬁbrillation
intervals and the X axis indicates the ﬁbrillation interval (ms).
B: The autocorrelation function in the same episode. When the vertical line (cursor on the screen) was located at the maximum co-eﬃcient
(r ¼ 0:297) shown by the solid arrow on the screen, a time delay,  (x axis), indicated the peak AFCL (181ms, 5.525Hz), shown by the
open arrow on the screen. The solid vertical line indicated the 0 value of the coeﬃcient. The minimum AFCL is also marked. The Y axis
indicates the coeﬃcient (Rxx) of the autocorrelation function and the X axis indicates the time delay,  (ms).
Figure 5 Relationship between the
autocorrelation function method and
computer-picked activation time
method (adopted from reference 23).
Left side: The relationship between the
peak AFCL obtained by the autocorre-
lation function and mean AFCL ob-
tained by computer picked ﬁbrillation
intervals.
Right side: The relationship between
the minimum atrial ﬁbrillation cycle
length (min AFCL: y axis) and 5th
percentile of the atrial ﬁbrillation cycle
length (p5 AFCL: x axis).
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human subjects.32) In our data for this review, we
compared a 1024-point, 2048-point, 4096-point and
8092-point FFT using the ﬁltered (band pass 0.3 to
500Hz), rectiﬁed (Figure 1B), and then low-pass
(cutoﬀ 20Hz) ﬁltered 30-ms signals of AF the same
as Figure 1 (Figure 7). DF was inﬂuenced by spectral
resolution, regardless of whether the signals were
tapered by the Hanning or Hamming window
(Figure 8) or ﬁltered with a low-pass (cutoﬀ 20Hz)
ﬁlter (Figure 9). Filtered signals (low-pass, cutoﬀ
20Hz) did not change the power value at DF at all
(comparing Figure 1D and Figure 9).
Relationship between FFT and ACF
The ACF is the so-called reversed FFT. The ACF
is Fourier transformation of the power spectral
density and the power spectral density is reversed
Fourier transformation of the ACF. This relation is a
formula of Wiener-Khintchine.34,35)
We studied the relationship between DF in FFT
and peak AFCL in ACF for this review. The same
rectiﬁed atrial electrograms during AF for 30ms
were subjected to FFT analysis (4096-point FFT;
spectral resolution, 0.24Hz) and ACF analysis
(Figure 10) by using software installed in BIMUTAS
II. There was a signiﬁcantly strong correlation
0 5 10 15 20 Hz
0 5 10 15 20 Hz
0 5 10 15 20 Hz
0 5 10 15 20 Hz
1024points FFT
SR=0.98 Hz
DF=4.9 Hz
2048points
SR=0.49Hz
DF=5.4 Hz
8092points
SR=0.12Hz
DF=5.2 Hz
4096points
SR=0.24 Hz
DF=5.6Hz
Figure 7 Comparison of FFT analysis using diﬀerent spectral resolution (SR).
The signals were used for the rectiﬁed 30-second data in the same manner as Figure 1. There was a diﬀerent DF in each
panel.
0 10 20 30 Hz 0 200 400 600 ms
FFT
DF=20.3 Hz
ACF
Peak AFCL=189 ms
Figure 6 A 4096-point FFT (spectral resolution, 0.24Hz) analysis (left side) and autocorrelation function analysis
(ACF) (right side) by using the non-rectiﬁed 5-second signals in the same manner as Figure 1A left side.
FFT analysis showed multiple dominant frequency and ACF showed multiple sharp waves.
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between DF in FFT and peak AFCL in AFC (r ¼
0:95, p < 0:0001: Figure 11). The diﬀerence of DF
and peak AFCL was 0:24 0:19Hz, which was
almost same as the spectral resolution, 0.24Hz.
These results give support to the peak AFCL in ACF
being the same as DF in FFT and that this may be
utilized clinically for analysis of AF intervals.
Furthermore, the shape of the ACF may give further
information on AF intervals in type II (or III) AF as
well23) (Figure 1, 2, and 10).
Coherence spectrum
Previous studies have used frequency domain
analysis of intracardiac electrograms to discriminate
ﬁbrillatory from nonﬁbrillatory rhythms.36) Howev-
er, such studies only quantify activity from a single
recording site. On the other hand, the coherence
spectrum is a frequency domain measure that may be
used to make a quantitative comparison between
activity recorded from two sites. Thus, The coher-
ence spectra may provide a means to quantify the
‘‘organization’’ or ‘‘disorganization’’ of a cardiac
rhythm.37) Botteron et al.38) also developed a novel
signal-processing technique that quantiﬁes the cor-
relation in activation sequences recorded from ﬁve
equally spaced sites in the right atrium (RA) in
patients undergoing electrophysiology studies. In
AF, the correlation versus distance relation was
monotonically decreasing, ﬁtting a decaying expo-
nential function. The space constant of this expo-
nential function, termed the activation space con-
stant, provides a single objective metric of the spatial
organization of activation during AF.
Analysis of complex signals (CS, HBE, Fragmented
atrial electrograms)
Electrograms include ventricular electrograms, as
in the case when recording close to the AV groove
(for example, the coronary sinus and His bundle
electrogram). Because, the ventricular cycle length
during AF is much longer (ranging from around 600
to 1000ms) than the atrial cycle length during AF
(ranging from around 100 to 250ms), spectral
analysis may ignore the ventricular electrograms
superimposed on the atrial electrograms during the
measurement of the peak AFCL. However, coronary
0 5 10 15 20 Hz 0 5 10 15 20 Hz
Hanning windows
DF=5.6 Hz
Hamming windows
DF=5.6 Hz
Figure 8 Comparison of FFT analysis using application of a Hamming window (A) and Hanning windows
(B).
A 4096-point FFT (spectral resolution, 0.24Hz) analysis from the rectiﬁed, then low pass (cut oﬀ 20Hz) ﬁltered 30-
second data in the same manner as Figure 1. There was no diﬀerence in DF.
0 5 10 15 20 Hz
DF=5.1 Hz
0 5 10 15 20 Hz
DF=6.6 Hz
Figure 9 FFT analysis using low-pass (cut oﬀ 20Hz) ﬁltered signals.
Rectiﬁed 5-second signals in the same manner as Figure 1B (left and right side). In comparing Figure 1D (no low-pass
ﬁltered signals), there was no diﬀerence in DF or the power value.
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sinus (CS) recordings with a large ventricular signal
should not be included because harmonics from
these signals distort the frequency spectrum.32) So
far, there has been no mention about the FFT
analysis of atrial electrograms in HBE or continuous
fragmented atrial electrograms. Thus, the assessment
of analysis these electrograms using spectral analysis
is not elucidated herein.
LA–CS relationship in patients with AF
In terms of shortening of the cycle lengths and
increase in the degree of disorganization in patients
with paroxysmal and persistent AF, CS activation
patterns resembled left atrium (LA) behavior. How-
ever, AFCLs in the CS were 26–29% longer than in
the posterior wall of the LA, bringing into question
the tightness of the coupling between the structures.
Several studies have addressed the LA–CS relation-
ship in terms of both anatomy39) and electrophysio-
logic behavior.40–43) These studies and the current
one emphasize the fact that during AF, both
structures behave as uncoupled, at least in some
parts; thus, the CS does not reﬂect LA activity in
terms of cycle lengths and/or activation patterns.
The data period and expression for analysis of AF
To avoid transitional cycle length, transitional
rhythm was determined as a rhythm at least 1 minute
0 3 6 9 12 15 18 21 24 Hz
0 100 200 300 400 500 600 700 800 ms
DF=5.6 Hz (177 ms)
Peak AFCL=185 ms (5.4 Hz)
Min AFCL=144 ms
R=0.26
Min AFCL
Figure 10 Comparison of DF in FFT (upper panel) and peak AFCL in autocorrelation function (lower
panel).
Rectiﬁed 30-second signals in the same manner as Figure 1. In FFT analysis, a 4096-point FFT (spectral resolution,
0.24Hz) was applicated. DF 5.6Hz approximated peak AFCL 185ms (5.4Hz). In comparison with the data
obtained from automatic pick-up of the activation time using the threshold, 5% of the maximal atrial electrogram
amplitude found in the recording (Figure 2 lower panel, right side, data after discarding the second peaks), both DF
and peak AFCL was close to the mean AFCL, 179ms. Note that the minimum AFCL, 144ms, also approximated
the p5, 141ms.
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Figure 11 Relationship between DF in FFT and peak AFCL
in autocorrelation function.
There was a strong relationship between DF in FFT and peak
AFCL in the autocorrelation function (ACF).
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after the onset of AF and 10 cycles before the
termination of AF.20) The segment between 15 and
30 seconds after AF onset was usually used for
analysis of AF electrograms.13) Then, the period for
analysis of AFCL was more than a few to several
seconds, however, the used period depended on the
purpose of study.44)
Two-second segments were chosen on the basis of
preliminary analysis and prior work demonstrating
that window lengths <6 seconds were needed to
have the resolution necessary to observe varying
states of organization of the AF signal.45) Each
spectrum was examined for the presence of the DF
(highest/narrowest peak). The DF from the bipoles
on each decapolar catheter were averaged during
each 2-second segment to allow quantitative com-
parison.14,32) In some reports,30) FFT was performed
by using the digitized electrograms (8–10 sec, 800
Hz digitization). In some, the mean A–A interval at
each bipole was calculated by averaging the A–A
intervals in a 5-seconds period.44)
Ten-second7,11,40) to 12 second6) intervals of AF
electrograms were used for analysis in some studies.
In another, 100 consecutive FF intervals15,29) were
measured in each AF episode. Furthermore, 2-min26)
to 3-min periods9,23,27) also have been used.
Temporal variability in organization and stability of
the activation measure over time
Although the activation space constant is derived
from the average correlation of the sequences of
activation over 60 seconds, it has been noted
previously that highly similar activation sequences
may exist for brief periods of time, ie, transient
linking of 1 to 2 seconds.44) To evaluate the
reliability of the 5-second recording interval and
the spatiotemporal stability of the power spectrum,
30-second electrograms were recorded from each of
the PVs.21) Two 5-second sequential intervals ac-
quired over 10 seconds throughout both atria and CS
revealed spatiotemporal stability of DF throughout
the mapped ﬁeld with no signiﬁcant variability
between the DF determined during the ﬁrst and
second intervals or the entire 10-second recording
interval. In another study,11) AF intervals were
simultaneously measured in the diﬀerent sites for
the same period of 10 seconds (epoch a). Forty
seconds after the end of this interval, a second period
of 10 seconds was selected, and the measurements
were repeated to assess the reliability of the results in
diﬀerent moments of AF (epoch b). No statistically
signiﬁcant diﬀerence was observed between epochs
a and b for all sites analyzed. Furthermore, Botteron
et al.38) have shown a high degree of reproducibility
in the measured activation space constant deter-
mined for two contiguous, 30-second data segments
under stable physiological conditions. They also
suggest that little beneﬁt is gained from determining
this measure with >60 seconds of continuous data
under physiologically stationary conditions.
Dispersion, coeﬃcient, and map of AF intervals
Some investigators8,9,13,24) calculated the average
and standard deviation (SD) values of mean AFCL.
Then, spatial dispersion was deﬁned as the coef-
ﬁcient of dispersion and calculated as the SD of the
mean ﬁbrillatory intervals expressed as a percentage
of the mean ﬁbrillatory interval, (SD  100)/mean
ﬁbrillatory interval. Similarly, temporal dispersion
was deﬁned as the standard deviation of the mean of
all mean local ﬁbrillatory intervals expressed as a
percentage of the overall mean ﬁbrillatory inter-
vals.24) In another, Gaita et al.11) expressed the
temporal dispersion as the absolute value of the
percentage diﬀerence to the preceding interval,
abs[(FFi-FFi-1)/FFi  100].
2. What is the relationship between electro-
physiologic characteristics of AF and AF inter-
vals?
AF usually is the result of multiple simultaneous
reentrant activation wavefronts.3) The average size of
reentry pathways during AF is dependent on atrial
wavelength, deﬁned as the product of conduction
velocity and refractory period.46) Long wavelengths
are associated with larger and fewer wavefronts,
whereas short wavelengths result in a greater number
of small circuits.47) Animal and clinical studies have
shown an association between shorter wavelengths
and persistent AF.47) The average frequency and
degree of fractionation of intraatrial recordings
during AF correlate with wavelength and the size
of reentry pathways.12)
Recordings of atrial electrograms have demon-
strated short and variable ﬁbrillation intervals similar
to ventricular ﬁbrillation. Opthof et al.48) found that
myocardial cells were re-excited as soon as their
refractory period ends during ventricular ﬁbrillation.
They demonstrated by transmembrane potential
recording that there was no diastolic interval
between successive action potentials and that there
was only a small diﬀerence in refractory periods
during ventricular ﬁbrillation. Underlying this con-
cept is the fact that cells are re-excited as soon as
they have regained excitability49) and some inves-
tigators13) calculated the mean AFCL was calculated
for each site to serve as an index for the local
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refractory period. In contrast to ventricular ﬁbrilla-
tion, however, larger variations in local ﬁbrillation
intervals have been observed during AF.50) Possible
explanations for this have included either variation
in local refractory periods or the presence of a
signiﬁcant excitable gap.14)
The mean local ﬁbrillatory interval was used as an
index of the local refractoriness13) and atrial func-
tional refractory period.15) The minimum local AF
interval measured from at least 10 seconds of the AF,
approximates the local eﬀective refractory period.14)
Some investigators29) stated that the p5 AFCL was a
simple method for determination of the refractory
period, but that it had questionable reliability.
However, they29) also demonstrated that the p5
AFCL had a very good correlation to the refractory
period measured by the mapping method (r ¼ 0:95,
p < 0:01). On the other hand, there were several
reports that the p5 AFCL was relatively longer than
the eﬀective refractory period in the normal state14)
or during administration of class I drugs.29) Those
results indicated that it was unclear whether or not
the p5 AFCL could be used as a value of the atrial
eﬀective refractoriness, but that the p5 AFCL could
be used as one of the indices of the refractory period.
Therefore, the min AFCL could be used as an index
of the refractory period during AF if the p5 AFCL is
used as an index of the refractory period.23)
3. What have we learned from the analysis of
AF intervals?
At the onset of AF, the earliest generators of
ﬁbrillatory activity were located more frequently in
the posterior wall of the LA. AF in the LA displays
substantial regional diﬀerences in terms of AFCLs
Figure 12
A: DF map in patient with paroxysmal
AF (6 hours). Note DF sites in each PV.
Ablation sequence in this patient was
left superior (LS) PV, left inferior
(LI) PV, right superior (RS) PV, and
RIPV (site of AF termination); AFCL
increased by 10, 25, 9, and 75ms,
respectively, before termination.
B: DF map in patient with permanent
AF (24 months). Maximal DF and atrial
frequency are higher than in patient in
A. In addition, many DF sites are
located outside PVs. Electrogram and
corresponding power spectrum are from
DF site in RA (arrow; time scale,
seconds). Ablation sequence in this
patient was RIPV, RSPV, LSPV, and
LIPV; AFCL increased by 5, 2, 0, and
5ms, respectively. SVC indicates supe-
rior vena cava; MA, mitral annulus; and
TA, tricuspid annulus (aborted from
reference 21).
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and degree of organization. Intermediary rhythms
play an important role in initiation of AF via
activation of generator regions in the LA.40)
Mapping of AF intervals in both canine and
human AF suggested that there was a high degree of
spatial organization of wave fronts5,6) and that cells
did not re-excite as soon as their refractory periods
end.6) Patients with idiopathic AF showed increased
dispersion of refractoriness, which may be the
substrate for the observed enhanced inducibility
and spontaneous occurrence of AF.13) AF in the
intact human heart was organized over a length scale
consistent with reentrant excitation by using a novel
method to measure the spatial organization of atrial
activation during AF. This preliminary result suggest
a relationship between measured spatial organization
and the clinical course of the arrhythmia.38)
There was a strong positive correlation between
right atrial and V1 peak frequency and a strong
negative correlation between median right ﬁbrilla-
tory cycle length and surface lead V1 peak frequen-
cy. There was a direct correlation with the peak
frequency in lead V1 (r ¼ 0:79, p < 0:0001).16)
Idiopathic AF showed increased dispersion of
refractoriness, which may be the substrate for the
observed enhanced inducibility and spontaneous
occurrence of AF.13)
The AF pattern showed more regular and organ-
ized atrial activity in the RA lateral wall, as
demonstrated by lower AF intervals beat-to-beat
changes and by the higher percentage of type I and
lower percentage of type III AF compared with the
other evaluated sites, particularly the lower sep-
tum.11) Longer intervals in the RA free wall than in
the LA free wall has been seen in dogs.51) It is
conceivable that this anatomic structure, together
with the tricuspid ring, may generally work as a
functional barrier, isolating the lateral and anterior
wall from the other regions of the RA and thus
preventing the irregular spread in this region of the
multiple AF wavelets that have to follow a forced
path, forming an almost regular activation front, as
suggested for atrial ﬂutter. Therefore, this area might
be protected from the appearance and/or perpetu-
ation of multiple wavelets and thus, at least in some
patients, may not be a critical area for the main-
tenance of AF but probably a bystander.
Patients with paroxysmal AF, as compared with
patients with chronic AF, had signiﬁcantly 20%40)
longer AF cycle lengths,5,7) shorter time intervals
with type III AF throughout the RA,7) a smaller
number of endocardial breakthroughs (mean 51 19
vs. 104 40, p < 0:001),7) a lower prevalence of
disorganized activity5,40) and a signiﬁcant dispersion
of refractoriness.5) The majority of endocardial
breakthrough points (88% in paroxysmal AF patients
and 98% in chronic AF patients) were located in the
septal region and coincided anatomically with major
interatrial connection routes.7) Coexistence of re-
entrant and apparently focal activation determined
maintenance of AF in the RA in PAF, whereas
random re-entry was documented more frequently in
patients with chronic AF.7) Electrical activity during
AF showed a signiﬁcant spatial inhomogeneity,
which was more evident in patients with paroxysmal
AF.5,12) Paroxysmal AF patients were more likely to
harbor the DF site within the PV, whereas in
permanent AF, atrial DF sites were more prevalent
(Figure 12).12)
In a experimental model of AF51) and human,52)
the shortest AF intervals and the highest degree of
complex electrical activity manifested in the poste-
rior wall of the LA.
FFT analysis of intraoperative mapping data
clariﬁed that periodic activity was present predom-
inantly in LA.18) Further, several studies have
reported shorter AFCLs in the LA than in the
RA.31,53,54) Anatomic features of the LA, most
importantly less anatomic and/or functional barriers
compared with the RA, could imply more space for
the existence and competition of wavelets in the LA
than in the RA. In addition, electrophysiologic
factors such as shorter refractory periods in the LA
compared to the RA55) could be other factors that
decrease the dimensions of the reentrant circuits. The
arrhythmogenic PVs responsible for the focal activ-
ity that triggers AF also demonstrate paroxysmal
short cycle length recording during sustained AF.26)
From the investigation on spatiotemporal organ-
ization in AF, a left-to-right atrial frequency gradient
during AF in isolated sheep hearts was observed.31)
Human AF would also manifest a left-to-right atrial
frequency gradient.32) In the paroxysmal group, there
was a signiﬁcant left-to-right atrial DF gradient, with
DF highest at the PV/LA junction, intermediate at
the CS, and lowest in the RA (6:2 0:8, 5:5 0:7,
and 5:1 0:6Hz, respectively; P < 0:001). On the
other hand, in the persistent group, there was no
signiﬁcant diﬀerence between DF recorded from the
LA/PV junction, CS, and RA (6:1 0:7, 5:8 0:6,
and 5:8 0:6Hz, respectively; P ¼ NS). These
ﬁndings suggest that the posterior LA may play an
important role in maintaining paroxysmal AF.32)
Antiarrhythmic drugs and atrial electrogram intervals
Kakugawa et al.24) analyzed that atrial electro-
grams duirng AF, by using ACF before and after
intravenous cibenzoline. Cibenzoline signiﬁcantly
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increased the peak AFCL and decreased the spatial
dispersion in patients AF terminated by cibenzoline.
In addition, the spatial dispersion after the cibenzo-
line was signiﬁcantly smaller in patients with AF
termination by cibenzoline than in those without.
The peak AFCL, and the spatial and temporal
dispersion before the cibenzoline did not predict
the termination of AF.24) However, some investiga-
tors16,17) reported that frequency analysis of human
AF had a potential to predict the eﬀect of antiar-
rhythmic drugs to AF.
Class I drugs widened the temporal excitable gap
in the gout and the explanation for the antiﬁbrillatory
eﬀect of class I drugs may be a widening of the
temporal excitable gap.56) Shimizu et al.25) studied to
observe the temporal excitable gap measured by
ACF during cardioversion of AF by intravenous
cibenzoline in human. They deﬁned the diﬀerence of
mean AFCL and min AFCL as the temporal
excitable gap.56) A relatively wider temporal excit-
able gap was observed in cardioversion of human AF
by cibenzoline.
Verapamil prevents acute remodeling by AF.
However, verapmil decreased monophasic action
potential duration and increased dispersion of re-
fractoriness obtained by the mean ﬁbrillatory inter-
val at each atrial recording site. Since it caused
shortening of refractoriness and increase in spatial
dispersion of refractoriness in patients with chronic
AF, it is not useful in reversing the remodeling
process in patients with chronic AF.9) Sotalol
decreased the atrial deﬁbrillation energy requirement
by increasing atrial refractoriness measured by mean
AFCL but not by decreasing the dispersion of
refractoriness.10)
4. What is the clinical implication of fre-
quency analysis on AF intervals in future?
The frequency analysis of AF may be useful to
predict the eﬀect of antiarrhythmic drugs or catheter
ablation for AF.
Predicting the eﬀects of antiarrhytmic drugs
Speciﬁc antiarrhythmic therapy with class I and III
drugs for AF conversion and prevention of its
recurrence is frequently utilized in clinical practice.
In the clinical setting it is diﬃcult to directly
evaluate the eﬀects of antiarrhythmic drugs on the
individual patient’s atrial electrophysiology, thereby
predicting their eﬃcacy in restoring and maintaining
sinus rhythm.
By assessement of a technique for quantifying the
frequency spectrum of AF using the surface electro-
cardiogram, AFCL was an accurate predictor of
conversion with ibutilide.16) Success rate was 100%
in patients with peak frequency < 360 beats/min
versus 29% in patients with frequencies > or ¼ 360
beats/min (p ¼ 0:003). Furthermore, analysis of the
surface electrocardiogram in terms of P-wave signal
averaged ECG during sinus rhythm and spectral
characterization of ﬁbrillatory waves during AF for
evaluation of atrial antiarrhythmic drug eﬀects is a
new ﬁeld of investigation.17,54) Both techniques may
provide reproducible parameters for characterizing
atrial electrical abnormalities and seem to contain
prognostic information regarding antiarrhythmic
drug eﬃcacy. However, further research will be
needed which elucidates the most challenging
clinical questions in AF management as to whom
to place on antiarrhythmic drug treatment and what
antiarrhythmic drug to prescribe.
Predicting the eﬀects of electrovardioversion
When frequency domain analysis of a wide
bipolar interatrial electrogram describes the global
organization of AF and should vary over time.
Cardioversion eﬃcacy should improve by timing
shocks to periods of high organization of AF.45)
Everett et al.45) paced coil electrodes in the LA and
RA of dugs. FFT was performed over a sliding 2-s
window every 0.5 s. The organization index (OI) was
calculated as the ratio of the area of the dominant
peak and its harmonics to the total area of the
magnitude spectrum. The atrial deﬁbrillation thresh-
old (ADFT50) was determined using a biphasic shock
and an up-down-up protocol. The distribution curve
shifted leftward when shocks were synchronized to
an OI > 0:5. These data suggested that AF signals
showed a high degree of variability. Shock eﬃcacy
is increased when shocks are delivered during
periods of high AF organization as determined by
the OI method.
Predicting the eﬀects of catheter ablation
Knowledge regarding the electrophysiological
substrates and the cure for AF is still incomplete. It
is important to evaluate the electrophysiological
features of AF and their relationship to the results of
radiofrequency catheter ablation and the safety and
eﬀectiveness of this procedure.
In 1998, Gaita et al.11) studied sixteen patients
with idiopathic AF who underwent atrial mapping
during AF and then catheter ablation in the RA. They
concluded that RA endocardial catheter ablation of
AF was a safe procedure and might be eﬀective in
some patients with idiopathic AF. The atrial map-
ping during AF showed a more disorganized RA
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activation in the septum than in the lateral wall in
patients with successful ablation.11) In 2004, Pachon
postulated two types of atrial muscle: the compact
and the ﬁbrillar myocardium, by studying the
spectrum of atrial potentials by FFT.19) The former
presents normal in-phase conduction inferring a
great number of cellular connections, long-lasting
refractoriness and leftward FFT-shift. The latter
showed anisotropic out-of-phase conduction, fewer
cellular connections, short refractoriness and a
segmented right-FFT-shift. The compact type is the
normal predominant muscle and diﬀers from the
ﬁbrillar type which may consist of neural input, vein
insertion, the interatrial septum, the LA roof, etc. or
pathological tissue. The loss of cellular connections
in this tissue is a possible mechanism for conversion
of compact into ﬁbrillar myocardium. During AF,
clusters of ﬁbrillar myocardium (AF nests) present
higher frequencies than any surrounding tissue. The
catheter ablation of AF nests decreasing the ﬁbrillar/
compact myocardium ratio eliminated 94% of the
paroxysmal AF in patients in a follow-up period of
9:9 5 months. The AF nests may be easily
identiﬁed by spectral analysis and seem to be the
real AF substrate. These results may support what
Nademanee et al.57) proposed.
The modiﬁcation of AFCL during catheter abla-
tion in humans was evaluated by Haı¨ssaguerre et
al.20) Mean AFCL was determined at a distance from
the ablated area (CS). The increase in AFCL and the
decrease in fragmentation were signiﬁcantly greater
in patients with AF termination. AF ablation results
in a decline in AF frequency, with a magnitude
correlating with termination of AF and prevention of
inducibility that is predictive of subsequent clinical
outcome.20) Further, investigators21) have developed
this concept by identifying DF in FFT. Electro-
anatomic mapping was performed, acquiring 126
13 points per patient throughout both atria and CS.
At each point, the DFs on spectral analysis were
obtained and 3D DF maps were constructed (Fig-
ure 12). Ablation at a DF site resulted in signiﬁcant
prolongation of the AFCL (180 30 to 198 40
ms; P < 0:0001), whereas in the absence of a DF
site, there was no change in AFCL (169 22 to
170 22ms; P ¼ 0:4). However, short- and medi-
um-term temporal stability and evaluation of longer-
term stability was not feasible in this study because
of the duration of the study protocol. Nevertheless,
the longer-duration temporal and spatial stability of
these sources has been demonstrated in previous
experimental studies and is highly likely to exist in
humans, given the observations of AF termination
with ablation at DF sites in the current cohort.33,58)
Catheter ablation strategies for the cure of AF
have targeted isolation of the PVs, whereas addi-
tional substrate modiﬁcation is required in 20% to
40% of patients with paroxysmal AF and most with
persistent or permanent AF.20,59,60) Linear ablation to
modify the atrial substrate has provided variable
outcomes but is challenging, is associated with an
increased procedural risk, and may be proarrhyth-
mic.59,60) A more localized and targeted approach to
substrate modiﬁcation has inherent advantages.
Spectral analysis and frequency mapping may be
capable of identifying localized sites of high-fre-
quency activity potentially responsible for the
maintenance of AF and therefore may represent a
novel modality to identify the substrate maintaining
AF.21)
In summary, the analysis of AF intervals have a
potential to give us important information regarding
AF and the spectral analysis of AF intervals may be
useful to predict the eﬀect of antiarrhythmic drugs or
catheter ablation for AF, and ﬁnally, for determining
AF therapy. When the recorded signals contain noise
or poor recording, however, misinterpretation may
occur. The methods of spectral analysis including
sampling period, the signal processing, sample rate,
ﬁltering and spectral resolution (when using FFT) et
cetera, vary in investigators. Therefore, further
examination on these issues and the integration of
analysis methods will be necessary.
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